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development	 of	 early	 macrobenthic	 ecosystems.	 Here,	 we	 review	 available	 data	 of	












throughout	 the	 Ediacaran	Period,	 in	 combination	with	 gradually	 increasing	 dissolved	
oxygen	 loading,	may	have	provided	a	 first-	order	 control	on	 redox	evolution	 through	






Geochemical	 investigations	 of	 Neoproterozoic	 sedimentary	 rocks	
have	 revealed	 a	marine	 landscape	 characterised	 by	 dynamic	 redox	
stratification	 and	 dramatic,	 long-	lived	 perturbations	 to	 the	 carbon	
isotope	record,	which	accompanied	the	emergence	and	early	diver-
sification	 of	 animals	 (Figure	1).	 Molecular	 clock	 dating	 places	 the	
origin	of	 crown	group	Metazoa	at	850–650	million	years	 ago	 (Ma)	
within	 the	 late	Tonian	 to	Cryogenian	Period	 (dos	Reis	 et	al.,	 2015;	
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estimating	molecular	divergence	times	and	the	patchiness	of	the	fos-
sil	record,	this	date	is	in	broad	agreement	with	the	earliest	evidence	
for	Metazoa,	 as	 interpreted	 from	 demosponge	 sterols	 at	 ~713	Ma	
(Love	 et	al.,	 2009).	 Beyond	 these	 biomarker	 traces,	 the	 archive	 of	
animal	 life	 remains	 absent	 until	 the	 appearance	 of	 credible	 animal	
fossils	in	the	Ediacaran	Period	(635–541	Ma),	which	reveals	diverse	
ecosystems	 preserved	via	 a	 number	 of	 taphonomic	 pathways	 (Liu,	
2016;	Narbonne,	2005).










palaeolatitude,	 redox	 and	 degree	 of	 local	 basin	 restriction	 from	 the	
global	ocean	are	given	in	Table	1.	We	combine	these	records	with	pro-
posed	metazoan	and	complex	multicellular	eukaryote	distribution	and	
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each	environment	are	reviewed	and	discussed	in	an	attempt	to	clarify	
the	hydrographic	controls	on	local	environmental	oxygenation.
1.1 | The record of Ediacaran 
macrobiota and metazoans
A	 candidate	 for	 the	 oldest	Metazoa	 is	 found	 in	 successions	 of	 the	
Doushantuo	 Formation	 and	 the	 equivalent	 Lantian	 Formation	 in	
South	China	(635–590	Ma),	which	host	putative	phosphatised	animal	
embryos,	 and	 possible	 Cnidaria,	 respectively	 (Figure	1)	 (Van	 Iten,	





tic	 organisation—the	 Ediacara	 biota—has	 been	 recorded	 from	 deep	
marine	 siliciclastic	 strata	 which	 bordered	 the	 volcanic	 island	 arc	 of	






(Li et al., 2013)
Environment and connectivity to 





























including Conotubus, Cloudina, 
Sinotubulites, and Wutubus. 
Ediacara-	type	fossils	including	
Yangtziramulus, Pteridinium, 
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Ediacara	biota	are	subsequently	observed	 in	marine	sediments	on	a	
global	scale,	until	the	Precambrian/Cambrian	boundary.
The	 distinctive	 fossils	 in	 580–540	Ma	 stratigraphy	 have	 classi-
cally	been	grouped	into	the	Avalon,	White	Sea	and	Nama	taxanomic	
assemblages,	 based	 on	 biogeographic	 and	 biostratigraphic	 subdi-
vision	 (Waggoner,	2003).	The	Avalon	assemblage	 is	 the	oldest,	with	
fossils	noted	from	a	number	of	marine	siliciclastic	successions,	includ-
ing	sections	 from	Newfoundland	 (Liu	et	al.,	2015;	Narbonne,	2005),	
Charnwood	 Forest	 in	 England	 (Wilby,	 Carney,	 &	 Howe,	 2011)	 and	
the	 Mackenzie	 Mountains,	 Canada	 (Narbonne,	 Laflamme,	 Trusler,	
Dalrymple,	&	Greentree,	2014).	Examples	of	Avalon	assemblage	biota	




of	 dickinsoniomorphs,	 erniettamorphs,	 tetraradialomorphs,	 pentara-
dialomorphs,	 bilateralomorphs,	 kimberellomorphs	 and	 Eoandromeda 
within	 sections	 of	 Siberia	 (Grazhdankin,	 2014),	 western	 Russia	
(Fedonkin,	Simonetta,	&	Ivantsov,	2007),	Australia	(Gehling	&	Droser,	
2009)	 and	 the	Yangtze	 Block,	 South	 China	 (Yuan	 et	al.,	 2011;	 Zhu,	
Gehling,	Xiao,	Zhao,	&	Droser,	2008).	Examples	of	the	Nama	assem-
blage	 are	 represented	 in	 successions	 of	 the	 Nama	 Group,	 Namibia	
(Narbonne,	 Saylor,	&	Grotzinger,	 1997),	Dengying	 Formation,	 China	
(Chen	 et	al.,	 2014),	 Erga	 and	 Chernokamen	 Formations,	 Russia,	
Khatyspyt	 Formation,	 Siberia	 (Grazhdankin,	 2014),	 Miette	 Group,	
British	Columbia	 (Hofmann	&	Mountjoy,	2001)	 	 and	Wood	Canyon,	
California	(Corsetti	&	Hagadorn,	2000).	It	has	been	statistically	shown	
that	the	Nama	assemblage	constitutes	the	assemblage	of	lowest	diver-








Ediacaran	 (>585	±	3.3	Ma)	 strata	 of	 the	Tacuarí	 Formation,	Uruguay	
(Pecoits	 et	al.,	 2012).	 Subsequent	 deposits	 of	 the	 White	 Sea	 area	










tion	 in	multicellular	organisms	 is	 represented	 in	 the	 fossil	 record	by	
sessile,	 benthic	 forms	 including	Cloudina	 (Grant,	 1990),	 the	possible	
lophophorate	Namacalathus hermanastes	(Zhuravlev,	Wood,	&	Penny,	
2015),	 Sinotubulites	 (Chen,	 Bengtson,	 Zhou,	Hua,	 &	Yue,	 2008)	 and	






Yangtze	 Block	 (South	 China),	 Iberian	 Peninsula	 (Spain),	 Laurentia	
(Southern	Canadian	Cordillera	and	Mexico),	the	Arabian-	Nubian	shield	








stimulus,	with	 some	suggesting	 the	 rise	of	predators	as	a	candidate	
pressure	 (Wood,	 2011).	 Earliest	 evidence	 for	 active	 predation	 has	
been	documented	from	organic	walled	microorganisms	within	facies	
of	the	late	Tonian	(~780–740	Ma)	Chuar	Group	(Porter,	2016;	Shields-	
Zhou	 et	al.,	 2016),	 whilst	 suggested	 predatory	 borings	 in	 Cloudina 




ontological	 record,	only	a	 few	can	be	assigned	 to	 the	Metazoa	with	
any	 degree	 of	 confidence.	 Examples	 of	 the	 earliest	 animals	 include	
aforementioned	biomineralising	forms	(Cloudina	etc.),	putative	sponge	
fossils	 (e.g.,	 Thectardis;	 Sperling,	 Peterson,	 &	 Laflamme,	 2011),	 the	
bilaterian	organism	Kimberella	(Martin	et	al.,	2000),	the	peculiar,	octo-
radially	 symmetrical	 Eoandromeda	 (Zhu	 et	al.,	 2008)	 and	 bilaterian	
organisms	responsible	for	characteristic	trace	fossils,	including	termi-






1.2 | Redox and metazoan ecology
The	 importance	 of	 oxygen	 provision	 in	 enabling	 high	 energy	 yields	
through	 aerobic	 respiration	 has	 driven	 a	 long-	standing	 debate	 on	
the	possibility	of	 an	 increase	 in	marine	dissolved	oxygen	 (beyond	a	
threshold	concentration)	as	a	primary	factor	enabling	the	rise	of	ani-
mals	(Nursall,	1959;	Runnegar,	1991;	Sperling,	Knoll,	&	Girguis,	2015).	
Studies	 on	 the	 colonisation	 and	 structuring	 of	modern	marine	 eco-
systems	 under	 variably	 reducing	 conditions	 have	 shown	 that	 well-	
oxygenated,	 nutrient-	rich	 environments	 permit	 sustained	habitation	
by	larger	organisms,	in	addition	to	the	potential	for	biomineralisation	
(Sperling,	Knoll,	et	al.,	2015).	Contrastingly	benthic	metazoan	trophic	
structure	 in	 suboxic/anoxic	waters	 is	 limited	 to	 low	diversity	and	 is	
usually	characterised	by	small,	unmineralised	organisms	(Levin	et	al.,	
2009;	Sperling,	Knoll,	et	al.,	2015).
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With	 substantial	 contention	 remaining	 as	 to	 the	 phylogenetic	
affinity	of	the	majority	of	soft-	bodied	Ediacara	biota,	it	is	unclear	what	
environmental	requirements	may	have	facilitated	their	diversification	
(Liu	et	al.,	2015).	 In	 the	 light	of	 this,	hereon	the	discussion	of	phys-
iological	 oxygen	 requirements	 within	 diverse	 fossil	 assemblages	 of	
the	Ediacaran	can	only	be	considered	to	represent	end-	member	taxa	
whose	presence	 required	elevated	 levels	of	dissolved	oxygen	 in	 the	





However,	 atmospheric	 oxygen	 concentrations	 during	 the	 Meso-	
Neoproterozoic	are	poorly	constrained	and	widely	debated,	with	the	
latest	estimates	from	modelling	of	proxy	data	ranging	from	<0.1%	to	
>4%	PAL	until	 at	 least	800	Ma	 (Cole	et	al.,	2016;	Gilleaudeau	et	al.,	
2016;	 Planavsky	 et	al.,	 2014;	 Zhang	 et	al.,	 2016).	 By	 contrast,	 gas	
inclusion	 in	~815	Ma	halite	 from	 the	Officer	Basin,	 South	Australia,	
has	been	interpreted	to	suggest	an	atmospheric	oxygen	concentration	
of	>10%	PAL	(Blamey	et	al.,	2016).
Whilst	 the	 absolute	 concentration	 of	 atmospheric	 oxygen	 is	
poorly	 understood,	 it	 is	 clear	 that	 the	 oceans	 were	 character-
ised	 by	 continued	 redox	 stratification	 throughout	 most	 of	 the	
Neoproterozoic,	with	well-	mixed	 oxic	 surface	waters	 being	 domi-
nantly	underlain	by	anoxic	and	ferruginous	deep	waters,	and	with	
variable	 extents	 of	 mid-	depth	 euxinia	 during	 certain	 time	 peri-
ods	 (Canfield	 et	al.,	 2008;	 Guilbaud,	 Poulton,	 Butterfield,	 Zhu,	 &	
Shields-	Zhou,	2015;	Hood	&	Wallace,	2015;	Johnston	et	al.,	2010;	
Li,	 Love,	 et	al.,	 2012;	 Sperling,	 Halverson,	 Knoll,	 Macdonald,	 &	
Johnston,	 2013).	 Furthermore,	 	considerable	 lateral	 heterogeneity	
likely	 produced	 dynamic	 redox	 zonation	 established	 through	 pat-
terns	 of	 global	 ocean	 circulation,	 localised	 nutrient	 recharge	 and	
productivity	 (Reinhard,	 Planavsky,	 Olson,	 Lyons,	 &	 Erwin,	 2016).	






phur	 cycles,	which	 provide	 further	 insight	 into	 the	 extent	 of	 global	












remains	 as	 to	 a	 possible	 cause	 (Bjerrum	&	Canfield,	 2011;	Burns	&	
Matter,	1993;	Cui,	Xiao,	et	al.,	2016;	Derry,	2010;	Grotzinger,	Fike,	&	
Fischer,	2011;	Kaufman,	Corsetti,	&	Varni,	2007;	Knauth	&	Kennedy,	










tinued	 dynamism	 between	 deposition	 under	 anoxic	 and	 oxic	water	
column	 conditions	 in	 both	 deep	 marine	 and	 shallow	 shelf	 settings	







Many	 now	 consider	 that	 successful	 early	 ecosystems	 required	
stable	O2	above	a	threshold	concentration	that	was	maintained	for	
an	 ecologically	 significant	 timescale	 (Johnston	 et	al.,	 2012,	 2013;	
Wood	et	al.,	2015).	Under	this	hypothesis,	it	was	local	redox	insta-
bility	which	may	have	delayed	proliferation	of	early	animal	ecosys-
tems	 and	 resulted	 in	 the	 paucity	 of	 fossil	 Metazoa	 until	 the	 late	





2  | CONTROLS ON LOCAL REDOX IN 
MODERN AND ANCIENT ENVIRONMENTS
Global	atmospheric	oxygen	concentration	is	ultimately	controlled	by	
the	balance	between	oxygen	supply	via	photosynthetic	primary	pro-
duction	 and	 long-	term	 burial	 of	 reduced	 elements	 (e.g.,	 pyrite	 iron	
and	organic	carbon),	and	oxygen	consumption	resulting	from	oxida-
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by	 the	 associated	 energy	 yield	 per	mole	 of	 organic	 carbon	 derived	
from	each	oxidation	reaction,	with	the	highest	energy	yield	achieved	
through	oxidation	of	 free	O2	 during	 aerobic	 respiration	 (Canfield	&	
Thamdrup,	 2009).	 As	 dissolved	 O2	 concentration	 decreases	 with	
organic	matter	sinking,	the	preferred	electron	acceptor	first	becomes	
nitrate	 within	 the	 nitrogenous	 zone	 followed	 by	 a	 manganous-	







tive	 surface	waters.	 Furthermore,	 it	 has	 been	 suggested	 that	 long-	
standing	euxinia	demands	nitrate	depletion	as	a	consequence	of	the	
higher	free	energy	yield	associated	with	denitrification	over	dissimi-
latory	 sulphate	 reduction,	 and	new	production	must	 accordingly	be	
sustained	via	nitrate	provision	in	addition	to	anoxic	N2-	fixation	(Boyle	
et	al.,	2013;	Canfield,	2006).	In	this	way,	excess	bioavailable	nitrogen	
is	 able	 to	 support	 organic	matter	 production	 required	 for	 oxidation	
during	sulphate	reduction,	after	quantitative	denitrification.








2.2 | Upwelling and downwelling in the open ocean
Superimposed	upon	biochemical	processes,	which	locally	act	to	con-
sume	 oxygen,	 are	 environmental	 factors	 which	 influence	 dissolved	
oxygen	 and	 nutrient	 distribution.	 These	 include	 changes	 in	 salinity	
and	 water	 temperature,	 alongside	 hydrodynamic	 mechanisms	 that	
are	 subject	 to	 local	 variation	 as	 a	 function	 of	 intrinsic	 factors	 such	























2.3 | Redox distribution in modern environments
2.3.1 | Restricted environments
Modern	 marine	 environments	 which	 lack	 influence	 from	 extensive	
physical	mixing	by	open	ocean	current	activity	include	the	Black	Sea	
and	the	Cariaco	Basin	on	the	Venezuelan	continental	shelf	(Ho	et	al.,	
2004).	 In	 these	 settings	 well-	mixed	 oxic	 surface	 waters	 transition	




sulphate	 supply	 from	 oxidative	 continental	 weathering	 of	 reduced	
sulphur	species	(e.g.,	pyrite)	alongside	hydrogen	sulphide	production	
via	bacterial	sulphate	reduction	(BSR)	in	the	oxygen-	depleted	subsur-
face	water	 column	 (Algeo	&	 Lyons,	 2006).	Under	 these	 conditions,	


















due	 to	 density	 inversion,	 in	 addition	 to	 submarine	 mass	 wasting	
brought	 on	 by	 slope	 instability	 (Anderson	&	Devol,	 1973;	Kershaw,	
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2015).	Additionally,	enhanced	basin	connectivity	through	eustatic	sea-	
level	rise	may	result	in	overflow	and	breach	of	well-	mixed,	higher	den-












and	 baroclinic	 transport	 of	 surface	waters	 (Fuenzalida	 et	al.,	 2009).	












gen	 concentrations	 <20	μmol/kg,	 include	 the	 eastern	 south	 Pacific,	
the	eastern	tropical	and	subtropical	north	Pacific,	the	Arabian	Sea,	and	
the	Bay	of	Bengal	in	the	northern	Indian	ocean	(Helly	&	Levin,	2004;	
Paulmier	 &	 Ruiz-	Pino,	 2009).	 A	 further,	 weaker	 OMZ	 (≥20	μmol/
kg dissolved O2)	 is	related	to	upwelling	of	the	Benguela	current	and	









through	 strong	 seasonal	 differences	 in	wind	 stress	 and	 sea	 surface	













mixing	 allow	 a	 number	 of	 redox	 sensitive	 trace	 elements	 (RSE)	 to	
display	globally	homogeneous	open	ocean	concentrations.	Examples	
include molybdenum, uranium and vanadium, which are commonly 
enriched	in	sediments	deposited	beneath	locally	anoxic,	particularly	




by	 local	basin	 restriction	 (Algeo	&	Lyons,	2006;	Sahoo	et	al.,	2012,	
2016;	Scott	&	Lyons,	2012).	In	this	way,	extreme	enrichments	of	RSE	
within	organic-	rich	shales	are	indicative	of	local	euxinia,	whilst	maxi-
mum	values	may	aid	 interpretation	of	 the	global	 seawater	elemen-
tal	 inventory	and	 thus	 the	degree	of	global	marine	anoxia	 (Kendall	
et	al.,	 2015;	 Sahoo	 et	al.,	 2012;	 Scott	 &	 Lyons,	 2012;	 Tribovillard,	
Algeo,	 Lyons,	 &	 Riboulleau,	 2006).	 Additionally,	 a	 number	 of	 ele-
ments	display	redox	associated	 isotopic	 fractionation,	of	which	the	
most	commonly	utilised	in	palaeoenvironmental	studies	are	Mo	and	









(2005)	allows	 for	 localised	 redox	reconstruction	 through	evaluation	
of	the	concentration	of	iron	phases	considered	highly	reactive	(FeHR)	








anoxic,	 non-	sulphidic	 (ferruginous)	 conditions	 (Poulton,	 Fralick,	 &	
Canfield,	 2004).	 This	 augments	 the	 detrital	 influx	 of	 FeHR,	 poten-
tially	 giving	 enrichments	 in	 the	 deposited	 sediment.	 The	 technique	
of	Poulton	and	Canfield	(2005)	subdivides	these	minerals	into	opera-
tionally	defined	phases,	 including	iron	carbonates	(e.g.,	ankerite	and	
siderite),	 ferric	 oxyhydroxides	 (e.g.,	 goethite,	 lepidocrocite,	 ferrihy-
drite	and	haematite),	magnetite	and	sulphide-	associated	iron	phases	
(e.g.,	 pyrite	 and	mackinawite).	 The	 sum	of	 FeHR	 plus	 iron	 bound	 in	
poorly	 reactive	or	unreactive	 silicates	 (geochemically	 inert	on	early	
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diagenetic	 timescales)	 encompasses	 the	 total	 iron	 (FeT)	 content	 of	
modern	 sediments	 and	 ancient	marine	 shales	 (Raiswell	 &	 Canfield,	
1996,	1998).
Sediments	deposited	under	oxic	water	column	conditions	record	
suppressed	 FeHR/FeT	 (commonly	 below	 0.22)	 due	 to	 the	 lack	 of	
highly	reactive	iron	accumulation	in	the	water	column,	whereas	under	
anoxic	water	column	conditions,	ratios	of	FeHR/FeT	are	typically	ele-
vated	 above	 0.38	 (Poulton	&	Canfield,	 2005).	Where	 samples	 have	
0.22	<	FeHR/FeT	>	0.38,	redox	interpretation	is	problematic	due	to	the	
potential	for	physical	processes	such	as	rapid	sedimentation	to	reduce	








The	 iron	 speciation	proxy	has	 the	additional	 advantage	of	being	
able	 to	 distinguish	 between	 euxinic	 and	 ferruginous	 conditions.	
Under	euxinic	conditions,	the	build-	up	of	water	column	hydrogen	sul-
phide	 (H2Saq)	 results	 in	sulphidation	of	 iron	oxides	and	formation	of	
iron	pyrite	 (FeS2; Fepy),	 leading	to	elevated	Fepy/FeHR	 (Poulton	et	al.,	





tions,	whereas	Fepy/FeHR	<0.7	 are	 thought	 to	 represent	 ferruginous	
conditions	(März	et	al.,	2008;	Poulton	&	Canfield,	2011;	Poulton	et	al.,	
2004).
Clarkson,	 Poulton,	 Guilbaud,	 and	 Wood	 (2014)	 enhanced	 the	
application	of	the	iron	speciation	technique	via	calibration	for	use	on	
carbonate-	rich	sediments,	which	is	of	considerable	benefit	due	to	the	
confinement	 of	 early	 calcifiers	 such	 as	Cloudina, Namacalathus and 







The	 average	 ratio	 of	 FeT/Al	 calibrated	 from	 studies	 of	
Phanerozoic	 shales	 and	 carbonates	 (0.53	±	0.11	 and	 0.55	±	0.11,	
respectively)	 provides	 additional	 support	 when	 interpreting	 iron	





(Sahoo	 et	al.,	 2012).	 However,	 possible	 mechanisms	 for	 depleted	











underlying	 enrichment	 (Scholz,	 Severmann,	McManus,	 &	Hensen,	
2014).
3.2.2 | Rare earth elements and cerium anomalies
Distributions	 of	 rare	 earth	 elements	 (REEs)	within	 authigenic	min-
erals	 (e.g.,	carbonates,	phosphates	and	chert)	represent	contempo-
raneous	 equilibrium	 between	 solution	 complexes	 and	 solid	 phase	
surface	complexes	(metal	(oxyhydr)oxides,	clay	and	organic	matter)	
provided	that	there	has	been	no	deep-	burial	diagenetic	modification	
(McArthur	&	Walsh,	 1984).	 Cerium	 is	 the	 only	 REE	 prone	 to	 sub-
stantial	 transformation	 as	 a	 function	 of	 ambient	 seawater	 Eh, due 
to	the	relatively	reduced	solubility	of	oxidised	Ce4+	and	consequent	
scavenging	 by	 Fe-	Mn	 (oxyhydr)oxides,	 which	 leaves	 the	 seawater	
REE	 pool	 comparatively	 depleted	 in	 Ce	 in	 oxic	 settings	 (German	
&	 Elderfield,	 1990).	 Characteristic	 REE	 profiles	 with	 associated	
anomalous	Ce	 depletion	 (Ce/Ce*)	 can	 therefore	 be	 a	 good	 indica-
tor	of	oxia,	on	condition	that	there	has	been	no	signal	modification	
by	later	reducing	fluids	(Bau	&	Dulski,	1996;	Shields,	Kimura,	Yang,	
&	Gammon,	 2004).	 As	 such,	 the	 entire	 REE	 profile	must	 display	 a	
distinguishing	pattern	of	diagnostic	 relative	depletions	and	enrich-
ments	 indicative	of	average	 seawater,	 from	which	depletion	of	Ce	
relative	to	the	light	rare	earth	elements	(LREE:	praseodymium	to	gal-




Studies	 of	 modern	 benthic	 macrofaunal	 diversity	 and	 complexity	
under	 different	 dissolved	 oxygen	 levels	 imply	 that	 traces	 indicative	
of	motility	or	active	bioturbation,	such	as	T. pedum,	are	restricted	to	
formation	 by	 organisms	 with	 active	 metabolic	 lifestyles	 that	 most	
likely	 require	 elevated	 dissolved	 oxygen	 concentrations	 (Chang,	
Chronis,	 Karow,	Marletta,	 &	 Bargmann,	 2006;	Wilson	 et	al.,	 2012).	
The	 absence	of	 trace	 fossil	 evidence	 for	 active	motility	 (Aceñolaza,	





Cambrian	 boundary,	 and	 first	 appearance	 of	 T. pedum,	 is	 a	 trend	
towards	 increasing	concentrations	or	stability	of	bottom	water	oxy-
gen	(Sperling,	Frieder,	et	al.,	2013).





As	 discussed	 above	 however,	 recent	 calibration	 of	 iron	 speciation	
(Clarkson	 et	al.,	 2014),	 alongside	 redox	 proxy	 extraction	 processes	
targeting	 Ce/Ce*	 (German	 &	 Elderfield,	 1990;	 Shields	 et	al.,	 2004;	
Tostevin,	 Shields,	 et	al.,	 2016)	within	 carbonate-	rich	 sediments	 can	
significantly	 aid	 redox	 interpretation	of	mixed	 carbonate-	siliciclastic	
palaeoenvironments.	 Differing	 lithological	 requirements	 and	 proxy	
sensitivity	to	different	reducing	conditions	are	summarised	in	Table	2.
Furthermore,	assessing	the	proportion	of	the	global	ocean	charac-
terised	by	euxinia	 through	the	use	of	RSE	and	 isotopic	enrichment	 in	
shales	deposited	under	locally	euxinic	conditions	suffers	the	complica-













Previous	 studies	 have	 also	 stressed	 the	 relative	 insensitivity	 of	





of	pervasive	anoxia,	which	 in	 fact	may	only	 represent	 the	dominant	
redox	 condition	 during	 sedimentation	 of	 the	 bulk	 sample	 (Johnston	
et	al.,	 2013;	 Sperling,	 Carbone,	 et	al.,	 2015;	 Sperling,	 Knoll,	 et	al.,	
2015;	Wood	et	al.,	2015).
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isotope	data	have	been	variously	interpreted	to	indicate	widespread	
ocean	 oxygenation	 as	 early	 as	 700	Ma	 (Baldwin,	 Nagler,	 Greber,	
Turner,	&	Kamber,	2013)	and	substantial	water	column	stratification	
with	 continued	anoxia	at	depth	up	 to	 the	early	Cambrian	 (Kurzweil	
et	al.,	 2015;	 Wille,	 Nagler,	 Lehmann,	 Schroder,	 &	 Kramers,	 2008).	
Whilst	iron	speciation	inherently	reflects	local/regional	redox	condi-
tions,	extensive	compilations	from	globally	distributed	shales	depos-







To	 allow	 direct	 comparison	 between	 sections,	 iron	 speciation	 data	
have	been	compiled	herein	based	on	calibrated	iron	phase	and	major	
element	 ratios	 for	 depositional	 conditions.	 We	 have	 employed	 a	
conservative	 framework	 whereby	 oxic	 conditions	 are	 indicated	 by	
FeHR/FeT	<	0.22,	 anoxic	 ferruginous	 by	 FeHR/FeT	>	0.38	 and	 Fepy/
FeHR	<	0.7,	and	euxinic	conditions	by	FeHR/FeT	>	0.38	and	the	upper	
limit	 of	 Fepy/FeHR	>	0.8.	 Importantly,	 where	 analyses	 include	 both	
siliciclastic	 and	carbonate	 lithologies,	 redox	variations	are	 shown	 to	
be	 primary	 and	 not	 lithologically	 determined	 (Clarkson	 et	al.,	 2014;	
Wood	et	al.,	 2015).	 Iron	 speciation	 is	 used	herein	 as	 a	 redox	proxy	
baseline,	but	where	available	additional	proxy	data	is	discussed.




Craton	 (Table	1,	 Figures	2–6).	 Due	 to	 the	 difficulty	 associated	with	
ascertaining	 an	 unambiguous	mechanism	 for	 exceptionally	 low	FeT/
Al,	samples	which	record	values	below	the	lower	threshold	(0.42)	are	
not	considered	 in	this	collation	unless	stated	specifically	 in	the	text.	
Additional	 proxy	 indicators	 of	 local	 redox	 are	 also	 discussed	where	
available	 and	 include	 redox	 sensitive	 trace	 element	 concentrations	
(RSE),	and	REE	profiles.
4.1.1 | Yangtze block
Richly	 fossiliferous	 deposits	 of	 the	 Ediacaran	 Yangtze	 Block	 include	
the	 Doushantuo	 and	 overlying	 Dengying	 formations	 which	 contain	
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phosphatised	 embryos,	 Lantianella, Eoandromeda	 and	 soft-	bodied	 and	




Intense	 study	 of	 Ediacaran	 to	 early	 Cambrian	 sections	 of	 the	
Yangtze	Block	has	allowed	unparalleled	detail	 in	palaeoredox	recon-
struction	 across	 an	 array	 of	 palaeodepth	 profiles,	 despite	 difficulty	
in	coherent	determination	of	 lateral	equivalence	between	some	for-





et	al.,	 2005;	 Cui	 et	al.,	 2015;	 Jiang,	 Kennedy,	 Christie-	Blick,	Wu,	 &	







has	 enabled	 nuanced	 understanding	 of	 the	 complex	 palaeobathym-
etry	 which	 existed	 during	 deposition	 (Cui	 et	al.,	 2015;	 Jiang	 et	al.,	
2011;	Vernhet	&	Reijmer,	2010;	Wang	et	al.,	2016;	Zhu	et	al.,	2013).	
Reconstruction	reveals	a	broad	shallow	platform	to	the	modern	north-
west	 with	 contemporaneous	 formation	 of	 small	 intrashelf	 lagoons	









Doushantuo Formation (635 to >551 Ma)
Facies	 of	 the	 Doushantuo	 Formation	 include	 shallow	 peritidal	 car-
bonate	 platform	 deposits	 (e.g.,	 Xiaofenghe,	 Baiguoyuan,	 Liuhuiwan,	





















Doushantuo	 members	 II	 and	 III	 contain	 a	 notably	 diverse	 suite	
of	 large	 acanthamorphic	 acritarchs	within	 chert	 nodules	 and	 phos-
phorites,	 alongside	vase-	shaped	microfossils,	 probable	phosphatised	
animal	 embryos,	 multicellular	 algae	 and	 cyanobacteria	within	 semi-	
restricted	 and	 shallow	 shelf	 settings	 which	 together	 comprise	 the	
“Weng’an	biota”	(Liu	et	al.,	2013;	McFadden	et	al.,	2008;	Xiao,	Zhou,	
Liu,	Wang,	&	Yuan,	2014;	Xiao	et	al.,	1998).	Controversy	surrounding	
fossilised	 Weng’an	 embryos	 has	 provoked	 numerous	 studies	 (e.g.,	
Huldtgren	 et	al.,	 2011);	 however,	 recent	 contributions	 support	 an	
animal	 affinity	 as	 originally	 proposed	 (Schiffbauer,	 Xiao,	 Sharma,	 &	
Wang,	2012;	Xiao	et	al.,	1998).	Additional	extensive	study	of	acritarch	
taxonomy	as	a	tool	for	biostratigraphic	correlation	of	the	Doushantuo	




Fossiliferous	 shales	 of	 the	 Lantian	 Formation	member	 II	 contain	
an	 assemblage	 of	 probable	 in	 situ	 multicellular	 eukaryotes	 which	
include Chuaria circularis,	 fan-	shaped	macroalgal	forms	and	potential	
conulariid-	type	Metazoa	(Van	Iten	et	al.,	2013;	Wan	et	al.,	2016;	Yuan	
et	al.,	 2011).	 Recent	 systematic	 description	 of	 an	 expanded	 Lantian	
fossil	sample	set	has	assigned	the	proposed	medusozoan	to	the	mor-
phospecies	Lantianella laevis,	 and	a	 further	 two	morphogenera	have	
been	assigned	to	a	suite	of	fossils	which	share	features	similarly	sug-
gestive	of	possible	stem-	group	cnidarian	affinity	(Van	Iten	et	al.,	2013;	







fossil	 algae	 alongside	 possible	 Metazoa	 including	 the	 eight-	armed	
Eoandromeda octobrachiata	at	shallow	shelf	Miaohe	and	Weng’an	sec-
tions	and	deep-	water	deposits	at	Wenghui	 (An	et	al.,	2015;	Condon	
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dolostone	 and	 shales	 of	 lower	member	 II,	 followed	by	 subsequent	
regression	represented	by	sedimentological	indicators	of	facies	shal-
lowing	 (McFadden	 et	al.,	 2008).	 The	 transgressive	 surface	 capping	
Stage	1	lacks	signs	of	exposure	and	is	immediately	overlain	by	deep-	
water	facies	which	show	an	 increase	 in	sedimentological	 indicators	
of	shallowing	during	regression	throughout	Stage	2.	Abrupt	deepen-
ing	is	re-	initiated	at	the	base	of	Stage	3	correlating	to	the	transgres-











The	 spatial	 distribution	 of	 local	 redox	 observed	 within	 the	
Doushantuo	 Formation	 (Figure	3)	 is	 schematically	 illustrated	 in	
Figure	7a	and	supports	localised	development	and	maintenance	of	a	
metastable	zone	of	euxinia	on	the	openly	connected	lower	slope	at	




(Figure	3,	 section	 4)	 were	 only	 surficially	 connected	 to	 the	 open	
ocean	and	exhibit	negligible	RSE	enrichment	and	elevated	δ34S, sug-
gestive	of	intervals	of	sulphate	depletion	brought	on	by	basin	restric-




and	seawater	will	 tend	to	drive	 the	sulphur	 isotope	composition	of	
sedimentary	 pyrite	 (δ34Spy)	 towards	 heavier	 values,	 thus	 reducing	













tionally	 equivalent	 to	 spatial	 variability	 observed	 in	 modern	 open	
marine	OMZs	 related	 to	high	productivity	 stimulated	 through	nutri-
ent	 upwelling	 (Li	 et	al.,	 2010;	Och	 et	al.,	 2015;	 Sahoo	 et	al.,	 2016).	
Sustained	 euxinic	 conditions	 in	 unrestricted	 settings	 such	 as	 those	
seen	to	have	characterised	the	open	slope	at	Wuhe	(Han	&	Fan,	2015;	
Sahoo	et	al.,	2012,	2016)	 require	both	high	 levels	of	organic	matter	






oceanic	 dissolved	 oxygen	 concentrations	 throughout	 the	 Ediacaran	
(Chen,	 Ling,	 et	al.,	 2015;	 Kendall	 et	al.,	 2015).	 However,	 secular	
organic	 matter-	normalised	 RSE	 enrichment	 and	 depletion	 within	
euxinic	 shales	 of	 the	Doushantuo	 Formation	 have	 been	 interpreted	
to	support	limited	global	ocean	Mo	scavenging	and	temporarily	wide-
spread	 ocean	 oxygenation	 (Kendall	 et	al.,	 2015;	 Sahoo	 et	al.,	 2012,	
2016;	Scott	et	al.,	2008).
A	 suggested	model	 for	 the	 initiation	 of	Mo	 enrichment	 and	 the	
trend	 towards	more	negative	δ34Spy	 during	Doushantuo	member	 IV	
within	the	 intrashelf	basin	at	Jiulongwan	proposes	progressive	 land-
ward	incursion	of	the	lower	slope	euxinic	wedge	into	isolated	platform	














is	consistent	with	 the	model	of	Och	et	al.	 (2015)	 for	continued	par-
tial	restriction	of	intrashelf	sections,	and	accompanying	δ15N	data	at	
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A	number	of	samples	 in	 the	basinal	Lantian	section	 indicate	 low	
FeHR/FeT,	possibly	corresponding	to	sedimentation	under	oxic	water	
column	conditions.	However,	the	extraction	procedure	used	by	Shen	
et	al.	 (2008)	 at	 this	 locality	 does	 not	 isolate	 carbonate-	bound	 iron	
(Johnston	et	al.,	2013;	Poulton	&	Canfield,	2005;	Sperling,	Carbone,	
et	al.,	2015),	and	given	that	inferred	oxic	samples	show	FeHR/FeT bor-
dering	 the	upper	 calibrated	 threshold	 for	 identification	of	 oxic	 con-
ditions	 (lowest	 sample	value	 of	 0.19),	 these	 data	 should	 be	 treated	
with	caution.	Despite	methodological	issues	associated	with	Fe	phase	
extraction,	 Fe	 speciation	 data	 of	 Shen	 et	al.	 (2008)	 unambiguously	
point	to	a	predominantly	anoxic	water	column	during	Lantian	member	
II.	Additional	data	for	pyrite	framboid	size,	RSE,	organic	carbon,	total	






Terminal Ediacaran to early Cambrian Formations (551–520 Ma)
Shallowing	 associated	 with	 continued	 regression	 during	 Stage	 3	
resulted	 in	 the	 deposition	 of	 the	 widespread	 dolomitic	 Dengying	
Formation	(551–541	Ma)	in	shallow	and	mid-	depths.	Down	slope,	the	
Dengying	Formation	 is	 reassigned	 to	 interbedded	cherts	and	shales	
of	 the	 lower	 Liuchapo	 formation	 (Wang,	 Chen,	 Yan,	Wei,	 &	 Xiang,	
2012).	The	Dengying,	Yanjiahe	and	Zhujiaqing	Formations	have	been	














the	Shibantan	member,	 including	 the	 frond-	like	Paracharnia, Rangea, 
Pteridinium,	 the	 enigmatic	 Yangtziramulus zhangi,	 and	 the	 tubular	
Wutubus annularis	 (Chen	 et	al.,	 2014).	All	 of	 these	 fossils	 are	 found	
in	association	with	abundant	trace	fossils	(e.g.,	Lamonte trevallis),	indi-
cating	 the	 co-	occurrence	 of	 motile	 bioturbating	 organisms	 that	 are	
thought	 to	 have	 actively	 mined	 nutrients,	 and	 potentially	 oxygen,	
from	contemporaneous	microbial	mats	(Chen	et	al.,	2013;	Duda	et	al.,	
2014;	Meyer	et	al.,	2014).	Biomineralising	Sinotubulites are recorded 
from	the	upper	Shibantan	member	and	both	Sinotubulites and Cloudina 
are	noted	from	the	Baimatuo	member	of	western	Hubei	(Chen,	Chen,	




soft-	bodied	 tubular	 organism	 Conotubus hemiannulatus	 (Cai	 et	al.,	
2014;	Cui,	Kaufman,	et	al.,	2016;	Hua	et	al.,	2003).	To	date,	no	evi-
dence	has	been	presented	for	reef-	building	by	Cloudina in Dengying 







at	 Zhongling	 show	 continued	 euxinia	 from	 three	 samples	 on	 the	
shelf	margin	(Li	et	al.,	2010),	whilst	basinal	sections	of	the	equivalent	
Liuchapo	Formation	(Huanglian	and	Longbizui)	indicate	predominance	
of	 ferruginous	 anoxia	 (Och	 et	al.,	 2015;	Wang	 et	al.,	 2012).	On	 the	
shallow	platform,	decreasing	Ce/Ce*	has	been	suggested	to	indicate	
gradually	 more	 oxygenated	 conditions	 (Ling	 et	al.,	 2013);	 however,	
additional	RSE	and	Ce/Ce*	data	recorded	from	the	subtidal	Shibantan	
member	 support	 punctuation	 of	 reducing	 conditions	 by	 temporary	
oxygenation	 during	 storm	 events	 (Duda	 et	al.,	 2014).	 Intermittent	
increase	in	local	marine	sulphate	concentration	accompanying	deposi-
tion	of	the	Dengying	Formation	at	the	Wuhe-	Yanjiahe	section	(Hubei)	





Earliest	 Cambrian	 deposits	 which	 locally	 overly	 the	 Dengying	
Formation	on	the	shallow	platform	include	the	Yanjiahe	and	Zhujiaqing	
Formations.	Yanjiahe	 Formation	 deposits	 occupy	 present-	day	Hubei	
province,	 whilst	 equivalent	 deposits	 in	 Yunnan	 are	 assigned	 to	 the	
Zhujiaqing	Formation	and	consist	of	three	minor	shallowing	cycles	of	
the	Daibu,	Zhongyicun	and	Dahai	members	 (Li,	Evans,	&	Halverson,	
2013;	 Och	 et	al.,	 2015).	 Continued	 contemporaneous	 deposition	
of	 basinal	 Liuchapo	 Formation	 cherts	 and	 shales	 is	 indicated	 by	 a	
U-	Pb	 age	 of	 536.3	±	5.5	Ma	 in	 the	 upper	 Liuchapo	 Formation	 at	
Ganziping	 (Chen	et	al.,	 2009;	Och	et	al.,	 2015).	 Iron	 speciation	data	
of	the	Yanjiahe	Formation	and	equivalents	 indicate	ferruginous	shal-





and	 Shuijingtuo	 Formations	 is	 inferred	 from	 zircon	 U-	Pb	 ages	
of	 526.5	±	1.1	Ma	 (Compston	 et	al.,	 2008)	 and	 526.4	±	5.4	Ma	





Re-	Os	 age	of	 521	±	5	Ma	 from	 three	 sections	 of	Hunan	 and	neigh-
bouring	Guizhou	province	(Xu,	Lehmann,	Jingwen,	Wenjun,	&	Andao,	
2011).	Together,	these	ages	indicate	at	least	partially	contemporaneous	





and	 lower	 Niutitang	 Formations	 across	 sections	 of	 the	 Yangtze	
Platform	 and	 basin,	with	 evidence	 for	 dominant	 ferruginous	 anoxia	


















oxides	 in	well-	oxygenated,	 nearshore	 surface	waters	 and	 re-	release	
during	reductive	dissolution	 in	the	underlying	zone	of	Fe-	Mn	reduc-
tion	 was	 followed	 by	 quantitative	 scavenging	 within	 euxinic	 levels	
of	 the	water	 column	 consistent	with	Mo	 cycling	 in	modern	 euxinic	
environments	(Algeo	&	Tribovillard,	2009;	Cheng	et	al.,	2016;	Kendall	
et	al.,	2015;	Li,	Meng,	et	al.,	2015).
Early	 Cambrian	 biota	 of	 the	 Yangtze	 Block	 include	 small	 shelly	
fossil	assemblages	preserved	 in	shallow	and	deep-	water	facies	of	the	
Zhujiaqing	 and	 Kuanchuanpu	 Formations,	 succeeded	 by	 SSFs	 of	 the	





shelf	 mixed	 ferruginous/euxinic	 Shuijingtuo	 Formation	 at	 Wengzishi	
section,	 Hubei	 Province	 (Broce,	 Schiffbauer,	 Sen	 Sharma,	 Wang,	 &	
Xiao,	2014).	The	increasing	proportion	of	oxic	samples	recorded	from	
Cambrian	Stage	3	appears	to	be	accompanied	by	increased	ecosystem	
complexity	 throughout	 shallow	 shelf	 to	 outer	 slope	 environments	 of	
the	 Yangtze	 Block.	 However,	 these	 diverse	 assemblages	 dominantly	
comprise	 motile	 benthic	 communities,	 including	 trilobites	 for	 which	
occasional	exploration	of	dominantly	anoxic	deeper	slope	environments	




ting,	with	 evolution	 to	 a	 passive	 continental	margin	 and	 associated	
subsidence	 initiated	 in	 the	 mid-	Ediacaran	 (MacDonald	 et	al.,	 2013;	
MacNaughton,	Narbonne,	&	Dalrymple,	 2000;	Yonkee	et	al.,	 2014).	
Ediacaran	 age	 deposits	 of	 the	Windermere	 Supergroup	 outcrop	 at	
Goz	Creek	in	the	Wernecke	Mountains	of	Yukon,	Canada	(Figure	4a)	
(Johnston	et	al.,	2013)	and	are	complemented	by	an	expansive	record	





bon	 isotope	 chemostratigraphic	 correlation	 and	 reconstruction	 of	
relative	sea-	level	change	within	the	Gametrail,	Blueflower	and	Risky	
Formations	 suggest	 deposition	 along	 an	unrestricted	 slope	 to	basin	
environment	(MacDonald	et	al.,	2013;	MacNaughton	et	al.,	2000).
North Canadian Cordillera
Goz  Creek,  Wernecke  Mountains Iron	 speciation	 at	 Goz	 Creek	
(Figure	4a)	 reveals	 almost	 continuous	 anoxic	 ferruginous	deposition	
within	 the	 Ediacaran	 Windermere	 Supergroup,	 with	 a	 brief	 oxic	
interval	 recorded	 during	 regression	 within	 the	 deep-	water	 upper	
Sheepbed	 Formation	 (Johnston	 et	 al.,	 2013).	 Oxia	 of	 the	 upper	
Sheepbed	 Formation	 has	 also	 been	 documented	 at	 the	 siliciclastic	
Shale	 Lake	 section	 (after	 stratigraphic	 re-	evaluation	 by	 MacDonald	
et	al.,	2013).	An	observed	trend	towards	heavier	δ34Spy	documented	
throughout	 the	 Sheepbed	 Formation	 has	 been	 interpreted	 to	
represent	 pore	 water	 sulphate	 limitation	 (Johnston	 et	 al.,	 2012).








Sekwi  Brook,  Mackenzie  Mountains Stratigraphy	 of	 Sekwi	 Brook	
records	 a	 deeper	 water	 environment	 than	 that	 of	 Goz	 Creek,	 with	
similarly	 unrestricted	 access	 to	 the	 open	 ocean	 (Sperling,	 Carbone,	
et	al.,	2015).	 Iron	speciation	and	trace	element	analyses	of	the	June	









anoxic	 ferruginous	 conditions,	 punctuated	 by	 two	 brief	 episodes	 of	
oxia	 initially	 within	 the	 middle	 lowstand	 systems	 tract,	 and	 again	
during	transgression	nearing	the	top	of	the	June	Beds.	The	exclusively	
carbonate	sequence	of	the	Gametrail	Formation	was	not	sampled	at	
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Sekwi	 Brook;	 however,	 iron	 speciation	 of	 the	 overlying	 Blueflower	
Formation	 again	 indicates	 predominance	 of	 anoxic	 ferruginous	
conditions	with	two	minor	oxic	 intervals,	both	of	which	 immediately	
follow	maximum	 flooding	 surfaces	 (Sperling,	 Carbone,	 et	 al.,	 2015).
Soft-	bodied	biota,	which	inhabited	the	Laurentian	passive	margin	
outcrop	in	the	June	Beds	and	Blueflower	Formations	of	the	Windermere	




is	primarily	preserved	on	 the	 soles	of	mass-	flow	deposits;	 however,	








flexible	Annulatubus flexuosus,	 in	addition	 to	a	shallow	water	dickin-
sonid Windermeria aitkeni	(Narbonne	et	al.,	2014).








different	 balances	 of	 iron	 and	 aluminium	 cycling	 in	 the	 Ediacaran	
which	may	be	supported	by	the	closer	to	“normal”	shale	Fe/Ti	ratios.
South Canadian Cordillera
Cariboo  Mountains,  British  Columbia Ediacaran	 deposits	 of	
southern	 Canadian	 Cordillera	 outcrop	 in	 the	 Cariboo	 Mountains	
of	 British	 Columbia	 and	 represent	 post-	rift	 basinal	 deposition	
within	 the	 Laurentian	 passive	 margin	 (Canfield	 et	 al.,	 2008;	 Ross,	
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Bloch,	&	Krouse,	 1995;	 Schwarz	&	Arnott,	 2007).	A	maximum	age	
of	608	±	4.7	Ma	 is	given	 from	Re-	Os	dating	of	black	shales	of	 the	
Old	 Fort	 Point	 Formation	 (Kendall,	 Creaser,	 Ross,	 &	 Selby,	 2004)	
and	a	Re-	Os	age	of	632.3	±	6.3	Ma	has	been	documented	from	the	
lower	Sheepbed	Formation	(Rooney,	Strauss,	Brandon,	&	Macdonald,	
2015).	 Deposition	 of	 the	 upper	 Kaza	 and	 Isaac	 Formations	 is	
tentatively	 considered	 to	 have	 taken	 place	 contemporaneous	 to	
deposition	of	Sheepbed	and	overlying	formations	(MacDonald	et	al.,	
2013;	Rooney	et	al.,	2015;	Yonkee	et	al.,	2014).	Despite	difficulties	
in	 correlation,	 iron	 speciation	 data	 recorded	 in	 Canfield	 et	 al.	
(2008)	and	Dahl	et	al.	(2010)	allow	for	a	snapshot	of	approximately	




et	 al.,	 2010).	 In	 contrast,	 the	 overlying	 Isaac	 Formation	 contains	
abundant	 rapidly	 deposited	 turbidites,	 debris	 flows	 and	 slumping	
consistent	with	 lower	 slope	 deposition	 (Schwarz	 &	Arnott,	 2007).	
Ratios	of	FeHR/FeT	which	 fall	 below	 the	 calibrated	upper	 threshold	
for	 oxic	 conditions	 may	 be	 an	 expected	 consequence	 of	 rapidly	
deposited	 sediments;	 however,	 the	 mean	 value	 of	 FeHR/FeT of 
Isaac	Formation	 samples,	which	 fall	 below	 this	 threshold,	 is	~0.11,	
indicating	 significant	 FeHR	 depletion.	 At	 least	 intermittent	 oxia	 is	
implied	with	a	possible	trend	towards	ferruginous	anoxia	up-	section.






overlies	 the	 Isaac	 Formation	 of	 the	 Southern	 Canadian	 Cordillera	
(Ross	 et	 al.,	 1995).	 The	 Byng	 carbonate	 platform	within	 the	 Upper	
Miette	Group	contains	Cloudina and Namacalathus,	and	shallow	water	
siltstones	 of	 the	 potentially	 coeval	 Yellowhead	 carbonate	 platform	
preserve	 soft-	bodied	 forms	 which	 include	 Cyclomedusa found in 
association	with	stromatolitic	mounds	(Hofmann	&	Mountjoy,	2001).
The	 upper	 Stirling	 and	 lower	 Wood	 Canyon	 Formations	 of	
California	 preserve	 an	 assemblage	 strikingly	 similar	 to	 that	 of	 the	
upper	Nama	Group	within	a	subtidal,	possible-	deltaic	shallow	marine	









for	 sequence	 stratigraphic	 reconstruction,	 geochemical	 analysis	 and	
fossil	distribution	of	a	substantial	portion	of	the	Nama	Group	down	
to	 parasequence	 level	 (Figure	5)	 (Dibenedetto	 &	 Grotzinger,	 2005;	














both	 sub-	basins	 are	 subdivided	 into	 the	 lower	 Kuibis	 Subgroup,	
and	 the	upper	Schwarzrand	Subgroup,	with	diachronous	deposition	
of	 lower	 Nama	 Group	 sediments	 recording	 a	 marine	 transgression	
onto	 the	 underlying	 Proterozoic	 basement.	 Whilst	 thinning	 across	
the	Osis	Arch	during	deposition	of	the	Kuibis	Subgroup	may	suggest	
the	possibility	for	minor	independence	of	 local	water	column	condi-
tions	 between	 the	 two	 sub-	basins,	 the	 extent	 of	 thinning	 gradually	
decreases	 with	 deposition	 of	 the	 overlying	 Schwarzrand	 Subgroup	
indicating	a	trend	towards	more	pronounced	connectivity	correspond-
ing	to	an	overall	marine	transgression	nearing	the	Ediacaran-	Cambrian	
boundary	 (Germs,	 1983;	 Saylor	 et	al.,	 1995).	 Unrestricted	 connec-
tion	 of	 the	Nama	 basins	with	 the	Brazilides	Ocean	 to	 the	 present-	









Uranium- lead chronology of four volcanic ash beds has con-
strained	 the	 duration	 of	 Nama	 Group	 deposition,	 with	 a	 lower	
Hoogland	member	(upper	Kuibis	Subgroup)	age	of	547.32	±	0.65	Ma,	
and	 an	 age	of	540.61	±	0.67	Ma	 for	 the	upper	 Spitskop	member	of	
the	 Urusis	 Formation	 (Schwarzrand	 Subgroup),	 coincident	 with	 the	






conglomeratic	and	fluvial	 to	shallow	marine	siliciclastic	 facies	of	 the	
Nomtsas	Formation	unconformably	overlie	the	Urusis	Formation	with	
an	intercalated	ash	bed	dated	at	538.18	±	1.11	Ma	(Grotzinger	et	al.,	
1995;	Schmitz,	2012).	Therefore,	 total	 stratigraphic	 coverage	of	 the	
Nama	Group	below	the	Cambrian	Fish	River	Formation	spans	the	final	
10–12	million	years	of	the	Ediacaran	Period	(Figure	5).
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First	 appearance	 of	 soft-	bodied	 Ediacara	 biota	 belonging	 to	
the	 Nama	 assemblage	 is	 documented	 from	 proximal	 sandstones	 of	




et	al.,	 2015).	Nama	 assemblage	 fossils	 are	 recorded	 throughout	 the	
overlying	Schwarzrand	Subgroup	of	the	Witputs	sub-	basin	and	include	
the	 Erniettamorpha	 Pteridinium, Rangea and Paramedusium, in addi-
tion	 to	 discoidal	 Cyclomedusa	 in	 the	 lower	 Schwarzrand	 Subgroup	
(Germs,	 1995).	 Pteridinium, Swartpuntia, Aspidella and Bradgatia are 














earliest	documented	occurrences	of	C. hartmannae, Cloudina riemkeae 
and N. hermanastes	 in	the	Nama	Group	are	found	in	association	with	
thrombolitic-	stromatolitic	microbial	reefs	of	the	lower	Omkyk	Member,	
and	the	first	appearance	of	active	reef-	building	by	a	metazoan	is	found	
in	 the	 high	 energy	mid-	ramp	 setting	 at	Driedoornvlagte	 (Grotzinger,	
2000;	Penny	et	al.,	2014;	Wood	&	Curtis,	2015).	Driedoornvlagte	also	
exhibits	 the	only	known	occurrence	of	 the	neptunian	dyke-	dwelling,	
robust	 skeletal	 Namapoikia rietoogensis	 of	 probable	 poriferan	 affin-
ity	 (Wood	 et	al.,	 2002).	Associated	Cloudina and Namacalathus have 
also	 been	 found	 within	 shallower	 facies	 of	 the	 upper	 Omkyk	 and	
lower	 Hoogland	members	 at	 Zwartmodder	 (Wood	 et	al.,	 2015)	 and	
ichnofossil-	rich	 strata	 immediately	 overlying	 a	 soft-	bodied	 Nama	
assemblage	 horizon	 in	 the	 middle	 Spitskop	 Member	 at	 Swartpunt	
(Darroch	et	al.,	2015;	Narbonne	et	al.,	1997;	Wood	et	al.,	2015).
A	wealth	of	trace	fossil	evidence	recorded	throughout	the	Nama	
Group	 initially	 enabled	 its	 interpretation	 as	 a	 terminal	 Ediacaran/
Vendian	 succession	 (Crimes	&	Germs,	 1982).	Of	 particular	 note	 are	
vertical	biogenic	trace	fossils	within	the	 lower	Nudaus	Formation	of	
the	Zaris	 sub-	basin	 and	basal	Huns	member	of	Urusis	 Formation	 in	
the	Witputs,	Treptichnus-	like	trace	fossil	of	the	basal	Huns	members	








Recent,	 extensive	 redox	 analyses	 utilising	 iron	 speciation	 of	
shales,	silts	and	carbonates	and	FeT/Al	ratios	of	nine	study	sections	
within	 the	 Nama	 Group	 in	 association	with	 palaeoecological	 data,	
has	 enabled	 reconstruction	of	 three	distinct	 time-	equivalent	 shelf-	
to-	basin	 transects,	 thus	 allowing	 for	 interpretation	 of	 the	 relation-
ship	between	redox	hospitability	and	sustained	ecological	presence	
(Figure	5)	 (Sperling,	 Wolock,	 et	al.,	 2015;	Wood	 et	al.,	 2015).	 The	
first	 transect	 incorporates	data	of	 the	Dabis	Formation	 from	 three	
sections	 of	 the	Witputs	 sub-	basin	 at	Arasab,	Grens	 and	 Zuurburg,	
and	two	sections	of	 the	Zaris	sub-	basin	at	Zwartmodder	and	Brak.	
Shallow	water	 oxia	 persisted	 throughout	 deposition	 of	 the	 Kanies	
member	 (Zwartmodder)	 and	 lower	Mara	 member	 (Zuurburg)	 coin-





















data	suggest	 that	 reef	growth	at	Driedoornvlagte	which	 took	place	




the	 second	major	 cycle	 of	 the	Omkyk	Member	 at	 Zebra	 River	 are	











contemporaneous	 ventilated	 and	 likely	 oligotrophic	 conditions	 at	
Zebra	 River	 were	 accompanied	 by	 sustained	 oxia	 and	 successful	
repetitive	 development	 of	 thrombolitic-	stromatolitic	 biostromes,	







pinnacle	 reefs	 locality,	 outer	 ramp	 FSH	 section	 and	 variable	 depth	
deposits	 at	 Swartpunt	 (Sperling,	Wolock,	 et	al.,	 2015;	Wilson	 et	al.,	
2012;	Wood	et	al.,	2015).	Additional	redox	data	of	Nomtsas	Formation	
deposits	 at	 the	 distal	 Sonntagsbrunn	 section	 are	 also	 considered	
herein	 (Sperling,	Wolock,	 et	al.,	 2015;	Wilson	 et	al.,	 2012).	 All	 sec-
tions	of	transect	3	show	a	dominantly	oxic	marine	environment	within	
the	Witputs	 sub-	basin	 across	 the	 Precambrian-	Cambrian	 boundary;	
however,	two	brief	intervals	of	ferruginous	anoxia	recorded	from	the	









Recent	 complimentary	 data	 supporting	 redox	 stratification	 of	
the	Nama	Basin	 have	 enabled	 nuanced	 interpretation	 of	 intermedi-
ate	 redox	 states	 through	 identification	 of	 unusual	 REE(+Y)	 profiles	
(Tostevin,	Wood,	et	al.,	 2016).	This	has	also	allowed	 infilling	of	data	
gaps	 where	 FeT	<	0.5	 wt%	 of	 some	 carbonate	 samples	 previously	
impeded	 analysis	via	 Fe	 speciation.	Where	 iron	 speciation	 indicates	
surface	water	oxia,	these	data	are	corroborated	by	negative	Ce	anom-
alies.	However,	where	highly	reactive	iron	enrichments	indicate	anoxic	




diately	 overlying	 ferruginous	 deeper	waters	 (Tostevin,	Wood,	 et	al.,	
2016).	Within	 this	 layer,	 the	 reductive	 dissolution	 of	 Mn	 (oxyhydr)
oxides	 likely	resulted	 in	release	to	the	water	column	of	Ce(IV),	 lead-
ing	 to	Ce	 accumulation	 and	 resultant	 enrichment	 in	 carbonate	 sed-
iments	 relative	 to	neighbouring	REEs	 (Tostevin,	Wood,	 et	al.,	 2016).	
In	 the	Nama	Group,	Ce	anomaly	data	 indicate	episodic	 incursion	of	
the	manganous	 zone	 at	 shallow	water	Arasab,	Grens,	 Zwartmodder	
and	Omkyk	sections	and	intermediate	depth	at	Zebra	River.	However,	
an	absence	of	positive	Ce	anomalies	at	Driedoornvlagte,	the	Pinnacle	
Reefs	 or	 Swartpunt	 sections	 supports	 sediment	 deposition	 at	 these	
localities	 under	 predominantly	 oxic	 conditions	 (Figure	7a)	 (Tostevin,	
Wood,	et	al.,	2016).
Whilst	 almost	 exclusive	 oxia	 recorded	 within	 the	 upper	 Urusis	
Formation	of	the	Witputs	sub-	basin	may	suggest	progressive	oxygen-
ation	of	the	Nama	Group	towards	the	Ediacaran-	Cambrian	boundary	
(Wood	 et	al.,	 2015),	 additional	 sampling	 of	 Urusis	 Formation	 strata	
of	the	Zaris	sub-	basin	appears	to	complicate	this	development.	Fine-	
grained,	olive	green	and	purple-	red	mudstones	are	interbedded	with	












ing	 atmosphere	 is	 expected	 to	 have	 been	 pervasive.	 Riverine	 input	
of	oxic	freshwater	may	also	have	been	an	important	mechanism	for	
introduction	of	dissolved	oxygen	to	the	nearshore	environment,	with	






transgression	 show	 repetitive	 shoaling	 of	 the	 oxycline	 (Figure	5),	
with	switching	between	ferruginous	and	probable	oxic	signatures	at	
Arasab	 and	Grens,	 likely	 representative	 of	 retrogradational	 stacking	
during	 higher	 order	 parasequences	 and	 deposition	 above	 the	 oxy-






Throughout	 the	 overlying	 Zaris	 Formation,	 frequent	 occurrence	
of	anoxia	 in	proximal,	shallow	environments	has	been	interpreted	as	
a	consequence	of	upwelling	anoxic	ferruginous	deep	water,	which	is	
supported	 by	 progressively	 decreasing	 FeT/Al	within	 shallower	 sec-
tions	 (Wood	 et	al.,	 2015).	Although	 shallow	waters	 of	 the	 exposed	
mid-	ramp	 are	 thought	 to	 have	 been	 subject	 to	 active	 physical	mix-
ing	and	effective	oxygenation,	frequent	incursions	of	anoxia	are	also	







iron	oxides	 leading	 to	 thickening	of	 a	 shallow	water	 zone	of	Fe-	Mn	
reduction	(Figure	7a)	(Tostevin,	Wood,	et	al.,	2016).
Metre-	scale	 reefs	 constructed	 through	 mutual	 attachment	
of Cloudina	 have	 so	 far	 been	 noted	 solely	 from	 the	 thrombolite-	
stromatolite	 reef	 at	 Driedoornvlagte	 and	 grew	 exclusively	 during	
transgression	 of	 the	 Upper	 Omkyk	 member	 (Penny	 et	al.,	 2014;	
Wood	&	Curtis,	 2015).	 Laterally	 extensive	 thrombolite-	stromatolite	
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biostromes	 of	 the	 upper	 Omkyk	 and	 lower	 Hoogland	 members	 at	
the	more	 proximal	 Zebra	 River	 locality	 are	 associated	with	 solitary	
mat-	sticking	Cloudina and Namacalathus.	 These	 biostrome	 horizons	
record	 pulsed	 incursion	 of	 anoxic	 ferruginous	 deeper	waters	 into	 a	
dominantly	oxic/probable	oxic	water	 column	 (Wood	et	al.,	 2015).	 It	
has	been	shown	that	unconsolidated	seafloor	conditions	 relating	 to	
increased	 siliciclastic	 influx	 from	 the	 Damara	 orogen	 to	 the	 north	








of	 calcifying	 ecologies.	 Similarly,	 Wood	 et	al.	 (2015)	 suggest	 that	











Member)	 to	 low-	energy	shoreline	 (Vingerbreek	Member)	mudstones	
and	laminated	and	channelised	sandstones,	with	deposition	in	increas-
ingly	shallower	water	 towards	 the	east,	nearing	the	 top	of	 the	sam-
pled	 section	 (Germs,	 1983;	 Grotzinger	 et	al.,	 1995).	Analysis	 of	 the	






ment	 to	 the	southwest	of	Osis,	and	equivalent	 facies	of	 the	smaller	











be	 supported	by	 a	 significantly	 greater	 contribution	of	 oxide-	bound	
iron	within	the	highly	reactive	iron	pool	of	the	Schwarzrand	subgroup	
north	of	Osis,	when	compared	to	contemporaneous	siliciclastic	depos-






the	 upper	 Urusis	 Formation,	 as	 well	 as	 motile	 metazoans	 evident	
from	the	diverse	ichnofossil	record	at	the	oxic	Swartpunt	locality,	the	
Schwarzrand	Subgroup	in	the	Zaris	sub-	basin	lacks	evidence	for	a	com-
paratively	 significant	 biotic	 presence	 but	 for	Pteridinium	 (Grotzinger	
et	al.,	1995)	and	recently	recorded	Aspidella and Shaanxilithes	within	







Siliciclastic	 units	 of	 the	 Conception	 and	 St.	 Johns	 Groups	 of	
Newfoundland	record	deposition	in	an	unrestricted	deep-	water	envi-
ronment	with	rapid	emplacement	of	volcanic	ash	preserving	a	wealth	
of	 body	 fossils.	 The	 Avalon	 assemblage	 of	 Newfoundland	 includes	
rangeomorphs	 (Rangea, Charnia, and Fractofusus),	possible	triradialo-
morphs	 (e.g.,	 Triforillonia costellae),	 arboreomorphs	 (Charniodiscus),	
discoidal	 fossils	 (Aspidella and Cyclomedusa)	 and	 possible	 sponges	
(Thectardis)	 (Laflamme	 et	al.,	 2013;	 Liu	 et	al.,	 2015;	 Sperling	 et	al.,	
2011).	 Ediacaran	 organisms	 which	 thrived	 in	 the	 basinal	 waters	 of	














sediments	 throughout	 deposition	 of	 the	 overlying	 Briscal,	Mistaken	
Point,	Trepassey	and	Fermeuse	Formations,	with	just	two	minor	peri-
ods	 of	 ferruginous	 anoxia	 recorded	 from	 the	 base	 and	 top	 of	 deep	
delta	front	deposits	of	the	Fermeuse	Formation	(Canfield	et	al.,	2007).	
Whilst	 the	 rapid	 emplacement	 of	 turbiditic	 sediments	may	 innately	
result	in	reduced	FeHR	accumulation	beneath	an	anoxic	water	column,	
the	upper	layers	of	each	turbidite	were	sampled	and	define	the	finest	
sediment	emplaced	at	 the	 slowest	 rate	 (Canfield	et	al.,	2007).	Shale	
of	 the	 Conception	 and	 St.	 Johns	 Groups	 are	 confidently	 regarded	
to	 record	 oxic	 deposition	 within	 and	 above	 the	 Drook	 Formation	
(Canfield	et	al.,	2007).






the	 Drook	 Formation,	 coincident	 with	 inferred	 oxygenation	 of	 the	




possible	 from	 drill	 core	 samples,	 the	 stratigraphic	 succession	 from	
which	 the	 Kel’tminskaya-	1	 core	was	 extracted	 is	 known	 to	 host	 a	
richly	fossiliferous	example	of	the	White	Sea	assemblage,	which	may	
have	 existed	 approximately	 contemporaneous	 with	 the	 mid-	upper	
Doushantuo	 Formation,	 Drook	 Formation	 and	 June	 Beds	 (Boag	
et	al.,	 2016).	 Large	ornamented	microfossil	 assemblages	 composed	
of	 acanthamorphic	 acritarchs	 have	 made	 useful	 biostratigraphic	
indicators	 within	 the	 Vychegda	 Formation	 (Vorob’eva,	 Sergeev,	 &	
Knoll,	2009),	whilst	Ediacara	biota	including	the	probable	motile	early	
molluscan organism Kimberella	 are	 documented	 from	 the	 overly-
ing	Redkino	Formation	 (Fedonkin	et	al.,	2007;	Gehling	et	al.,	2014;	
Martin	 et	al.,	 2000).	 The	 equivalent	 Ust’-	Pinega	 Formation	 on	 the	





δ13C	 and	 major	 element	 analyses	 of	 the	 Kel’tminskaya	 1	 drillcore	
(Johnston	et	al.,	2012).	The	lower	2,000	m	of	the	drillcore	comprises	
mixed	 siliciclastic	 and	 shallow	marine	 carbonate	 platform	 deposits	
of	 the	Cryogenian	Yskemess	and	Vapol’	Formations,	which	 indicate	
deposition	 under	 dominantly	 anoxic	 ferruginous	 conditions	 with	
some	evidence	for	infrequent	fleeting	oxia.	Ediacaran	siliciclastics	of	
the	Vychegda,	Redkino	and	Kotlin	Formations	unconformably	overlie	
F IGURE  6  (a–c)	Local	redox	of	deep-	water	successions	deposited	in	unrestricted	lower	slope	settings	of	a)	Western	Avalonia,	Newfoundland	
(~584	Ma	to	<565	Ma)	and	(b)	the	East	European	Platform	(EEP),	western	Russia	(>635	Ma	to	~542	Ma)	and	(c)	shallow	platform	deposits	of	the	
Río	de	la	Plata	Craton,	Uruguay	(<566	Ma).	Red	dotted	line:	approximate	temporal	correlation.	See	Figure	3	for	legend
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the	 Vapol’	 Formation,	 with	 age	 constraint	 dictated	 by	 microfossil	
biostratigraphy	of	basal	Vychegda	(Vorob’eva	et	al.,	2009)	and	U-	Pb	
dating	within	the	upper	and	lower	Redkino	Formation	(Grazhdankin,	
2003;	Martin	et	al.,	2000).	The	 lower	boundary	of	 the	 fossiliferous	
Redkino	 Formation	 has	 since	 been	 re-	interpreted	 by	 Grazhdankin,	




and	 iron	 speciation	measurements	 suggest	 predominantly	 oxygen-
ated	conditions	during	deposition	with	minor	 incursions	of	 ferrugi-
nous	anoxia	(Johnston	et	al.,	2012).	Additional	δ34Spy	data	from	the	
Ediacaran	 Vychegda	 Formation	 reveal	 generally	 depleted	 values,	
supporting	the	existence	of	an	oxidative	water	column	sulphur	cycle	
(Johnston	 et	al.,	 2012).	 The	 overlying	 1,000	m	 siliciclastic	 succes-
sion	 of	 the	 Redkino	 and	Kotlin	 Formations	 exhibits	 exclusive	 oxia,	









of	 anoxia	 in	 the	 local	water	 column	 from	 as	 early	 as	 570–600	Ma	
(Canfield	et	al.,	2007).
4.1.6 | Arroyo del Soldado Group

















reworked	 fragments	 of	C. riemkeae	 have	 been	 reported	 from	within	
storm	deposits	 of	 the	overlying	Polanco	Formation	 (Gaucher,	 2000;	
Gaucher	&	Poiré,	2009).
Iron	 speciation	 analyses	 of	 the	 Yerbal	 and	 Polanco	 Formations	
(Figure	6c)	 indicate	 the	 predominance	 of	 anoxic	 ferruginous	 water	




column	with	 suboxic	 to	 anoxic	non-	sulphidic	depths,	 overlain	by	 an	
oxygenated	surface	layer	(Aubet	et	al.,	2012;	Pecoits,	2010).
5  | DISCUSSION
5.1 | Palaeogeographic controls on local redox
The	beginning	of	the	Ediacaran	saw	the	waning	stages	of	breakup	of	
the	supercontinent	Rodinia	and	climatic	recovery	following	the	global	
Marinoan	 glaciation,	 and	 the	 ensuing	 95	 million	 years	 witnessed	
	substantial	migration	of	isolated	cratons	across	a	wide	variety	of	lati-
tudinal	ranges	during	assembly	of	Gondwana	(Figure	8).	Consideration	
of	 dominant	 redox	 conditions	 recorded	 within	 each	 environment,	
alongside	 the	 extent	 of	 local	 restriction,	 allows	 speculation	 as	 to	
the	possible	control	of	 latitudinal	position	on	palaeoredox	evolution	
throughout	this	interval.
Gradual	 equatorial	migration	of	 the	 South	China	Block	 (Li	 et	al.,	
2013;	Zhang	et	al.,	2015)	is	associated	with	little	change	in	dominant	
redox	 condition,	 with	 anoxia	 documented	 into	 the	 early	 Cambrian	
(Figure	3).	In	fact,	sections	of	the	Yangtze	Block	are	exceptional	in	that	
they	include	the	only	documented	development	of	spatially	extensive	
and	 sustained	 euxinia	within	 Ediacaran	 environments	 (Figure	7a–c).	
This	implies	elevated	seawater	sulphide	relative	to	reactive	iron	which	









indicate	 an	 approximate	 paleo-seawater	 temperature	 close	 to	 that	
of	 the	modern	 tropics	during	 the	 final	10	million	years	of	Ediacaran	
deposition	 (Meng	 et	al.,	 2011).	With	 lowered	 solubility	 of	 dissolved	
O2	 under	 higher	 water	 temperatures,	 the	 approximately	 equatorial	
paleo-latitude	of	the	South	China	Block	at	550–540	Ma	may	in	itself	
have	 been	 less	 susceptible	 to	 extensive	water	 column	 oxygenation	
under	the	lower	atmospheric	oxygen	concentrations	of	the	Ediacaran	





Deep	 slope	 deposits	 of	 Laurentia	 also	 record	 persistent	 anoxia	
within	 the	 lower	 Sheepbed	 Formation	 at	 ~635	Ma,	with	 only	 inter-
mittent	oxic	influence	documented	through	to	the	terminal	Ediacaran	
upper	Risky	Formation	(Johnston	et	al.,	2013;	Sperling,	Carbone,	et	al.,	
2015).	A	 low	 latitude	position	 favourable	 to	Ekman-	induced	surface	
water	 transport	 away	 from	 the	 Laurentian	 continental	 margin	 may	
have	 resulted	 in	 persistent	 upwelling	 which	 sustained	 deep-	water	
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anoxia	through	elevated	surface	productivity	at	~635	Ma.	Subsequent	
migration	 of	 Laurentia	 to	 occupy	mid-	high	 latitude	 in	 the	 southern	
hemisphere	is	represented	in	Figure	8b,	however	Li	et	al.	(2013)	cau-






Both	 Avalonia	 and	 the	 EEP,	 which	 shared	 a	 similar	 latitudinal	
position	 to	 Laurentia	 at	 ~580	Ma,	 show	 contrasting	 evolution	 from	
ferruginous	 anoxia	 towards	 dominantly	 persistent	 oxygenation	 of	
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the	 deep	 slope	 environment	 as	 early	 as	 ~579–575	Ma	 (Canfield	
et	al.,	 2007;	 Johnston	 et	al.,	 2012;	 Pu	 et	al.,	 2016).	 The	 migration	
of	 the	EEP	 to	occupy	a	mid-	high	 latitude	position	 close	 to	western	





and	 Redkino	 Formations	 require	 a	 well-	established	 hydrographic	
mechanism.	Cooling	of	 surface	water	 in	 this	 region	may	have	 stim-
ulated	 density-	induced	 deep-	water	 development	 in	 the	 aftermath	
of	the	regional	Gaskiers	deglaciation	(Laflamme	et	al.,	2013;	Li	et	al.,	
2013).	 Under	 these	 	conditions,	 oxygen-	rich	 water	 from	 the	 well-	











in	 the	 final	10–12	million	years	of	 the	Ediacaran.	Mixed	carbonate-	
siliciclastic	 deposition	 in	 a	 ramp	 environment,	 occupying	 shallower	
levels	 of	 the	water	 column	 than	 sections	 of	Avalonia	 and	 the	 EEP,	
alongside	surrounding	assembly	of	Gondwanaland	may	have	restricted	
development	of	effective	deep-	water	formation	and	maintained	con-
tinued	 stratification	 with	 ferruginous	 anoxic	 depths	 (Figure	7d).	 A	
transition	 from	 dominantly	 anoxic	 and	 ferruginous	 water	 column	
conditions	 during	 deposition	 of	 the	Kuibis	 Subgroup	 to	 long-	lasting	
oxia	 of	 the	Urusis	 Formation,	 particularly	 of	 the	Witputs	 sub-	basin,	
may	also	suggest	a	progressive	deepening	of	the	oxycline	towards	the	
Ediacaran-	Cambrian	boundary.	Meanwhile,	contemporaneous	closure	
of	 the	 intracratonic	seaway,	encroachment	of	 the	Arachania	arc	and	
differential	sediment	flux	affecting	the	two	sub-	basins	may	have	led	
to	 the	preservation	of	distinct	 geochemical	 signatures	within	 a	pre-





ing	 stratigraphic	 equivalence	 between	 fossil-	bearing	 units	 of	 these	
two	Groups.





5.2 | Controls on biotic distribution
5.2.1 | The distribution of biomineralising biota
Benthic	 Sinotubulites and Cloudina	 recognised	 across	 the	 Yangtze	
Block	 dominantly	 outcrop	 in	 shallow	 marine	 carbonate	 facies	 of	
the	 Gaojiashan	 and	 Beiwan	members	 (and	 equivalents)	 of	 the	mid-
dle	and	upper	Dengying	Formation	 (Figure	7c).	However,	 specimens	
of Sinotubulites	 are	also	noted	 from	deeper	 ramp	 limestones	depos-
ited	above	storm	wave	base	of	the	Gaojiashan-	equivalent	Shibantan	
Member	 (Cai	 et	al.,	 2014).	 During	 deposition	 of	 the	 Dengying	
Formation,	proxy	evidence	supports	a	temporarily	oxic	shallow	shelf	













transition	 from	 soft-	bodied	 to	 calcareous	 biomineralisation	 repre-
sented	 by	 successive	 appearance	 of	 Cloudina	 after	 Conotubus may 
have	 been	 related	 to	 an	 increase	 in	 continental	weathering-	derived	
sulphate	 and	 alkalinity	 (Cui,	 Kaufman,	 et	al.,	 2016).	 In	 this	 scenario,	
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saturation	not	only	 led	 to	 reinforced	water	 column	 redox	 stratifica-
tion	but	may,	alongside	the	advent	of	predation,	have	promoted	the	
necessity	for	biocalcifying	communities	inhabiting	shallow	oxic	waters	
through	 instigating	 the	 requirement	 for	a	mode	of	Ca	 removal	 from	
newly	developed	circulatory	systems	(Cui,	Kaufman,	et	al.,	2016).
Shallow,	 inner-	ramp	 carbonate	 and	 siliciclastic	 sediments	 of	 the	
Omkyk	and	lower	Hoogland	members	of	the	Nama	Group	host	Cloudina 
and Namacalathus	within	transient	oxic/manganous/ferruginous	condi-
tions	 attributed	 to	 the	 short-	lived	 incursion	of	 anoxic	 deeper	water	
(Figure	7d)	(Wood	et	al.,	2015;	Tostevin,	Wood,	et	al.,	2016).	However,	
water	 column	 anoxia	 induced	 via	 primary	 productivity	 and	 organic	
matter	oxidation,	as	may	have	occurred	 in	 shallowest	 settings	 influ-
enced	by	riverine	nutrient	influx,	results	in	the	by-	product	of	substan-
tial	 dissolved	 CO2 and lowered pH	 conducive	 to	 enhanced	 CaCO3 









Partial	 redox	 reconstruction	 of	 the	 terminal	 Ediacaran	 Arroyo	
del	 Soldado	 Group,	 Brazil	 (Figure	6c)	 lends	 further	 support	 to	 this	
proposed	biotic	 response,	with	C. riemkeae	 recorded	from	the	upper	
Yerbal	 Formation	 bracketed	 by	 oxic	 siliciclastic	 deposits	 (Frei	 et	al.,	
2013;	 Gaucher	 &	 Poiré,	 2009;	 Gaucher	 &	 Sprechmann,	 1999).	
However,	 further	 high-	resolution	 geochemical	 sampling	 within	 the	
Arroyo	del	 Soldado	Group	 is	 required	within	 a	palaeontological	 and	
palaeo-	ecological	 remit	 to	 support	 protracted	 oxygen	 stability	 as	
a	 prerequisite	 for	 extensive	 calcification.	 Future	 integrated	 studies	
incorporating	sections	of	the	Upper	Miette	Group	(Rocky	Mountains),	
Wood	 Canyon	 (California),	 Dengying	 Formation	 (Yangtze	 Block),	
Itapucumi	Group	(Paraguay),	Yudoma	Group	(Siberian	Platform),	lower	
Ara	 Group	 (Oman),	 Puerto	 Blanco	 Formation	 (Mexico),	 Bambuí	 and	
Corumbá	Groups	(Brazil),	and	Ibor	and	nivel	de	Fuentes	Groups	(Spain)	
may	 help	 establish	 this	 as	 a	 globally	 identifiable	 condition	 (Corsetti	





mannae and C. riemkeae alongside dyke- dwelling Namapoikia is 









Ediacaran Cloudina	 reefs	 grew	and	 there	 is	 some	evidence	 for	 con-
finement	of	reef	growth	to	exclusively	oxic	intervals	of	the	mid-	ramp	
at	Driedoornvlagte.	Establishment	of	a	pelagic-	benthic	link	was	likely	
enabled	 in	 such	 ecosystems	 through	 proficient	 suspension	 feeding	










blages	 including	 the	 Avalon	 assemblage	 of	 the	 Laurentian	 passive	
margin,	 and	 Lantian	 and	 Miaohe	 biota	 of	 the	 Yangtze	 Block,	 are	
seen	to	have	occupied	dominantly	anoxic	ferruginous	bottom	water	
	environments.	 Therefore,	 if	 dissolved	 oxygen	 above	 a	 threshold	
	concentration	was	necessary	 to	 support	 such	 communities,	 benthic	
colonisation	occurred	during	short-	lived	oxic	episodes	 indistinguish-
able	by	current	proxy	methods.
Potential	 benefits	 of	 inhabiting	 an	 environment	 prone	 to	 dis-




labile	DOC	or	 active	 fluid	 endocytosis	 during	 periods	 of	 less	 active	
vertical	mixing	(Laflamme,	Xiao,	&	Kowalewski,	2009).
With	the	exception	of	Eoandromeda which is recorded from ferru-
ginous	deposits	of	the	Miaohe	member,	soft-	bodied	fossils	considered	
to	 represent	 probable	 Metazoa	 including	 Thectardis and Kimberella 
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5.2.3 | Benthic sulphide stress: Yangtze Block
Semi-	restricted	intrashelf	basins	of	the	Yangtze	Block	were	prone	to	
protracted	 anoxic	 intervals	 typified	 by	 free	water	 column	 hydrogen	
sulphide	and	quantitative	trace	metal	drawdown	(Li	et	al.,	2010;	Och	
et	al.,	2015;	Sahoo	et	al.,	2016).	Whilst	localised	hypoxia	in	the	mod-
ern	 ocean	 reduces	macrofaunal	 biodiversity,	 the	 additional	 deleteri-
ous	effects	of	elevated	H2Saq	on	aerobic	benthic	communities	is	also	
well	 documented,	 with	 accelerated	 mortality	 during	 anoxic	 periods	
in	 the	presence	of	H2Saq	due	 to	 the	enzymatic	disruption	of	oxygen	
carrying	 cytochrome	 c	 oxidase	 at	 the	 terminus	 of	 the	mitochondrial	
electron	 transport	 chain	 (Vaquer-	Sunyer	&	Duarte,	 2010).	 The	 toxic	
effects	of	hydrogen	sulphide	are	experienced	by	bivalve	and	annelid	
species	 in	 the	modern	 ocean	 at	μmol/L	 concentrations	 below	 those	








sition	of	Doushantuo	Member	 IV	 is	 likely	 to	have	been	severe,	with	
long-	lived	 “patchy”	 water	 column	 euxinia	 persisting	 into	 the	 early	
Cambrian	when	sessile	benthic	communities	were	likely	restricted	to	
inner	shelf	platform	settings	 (Och	et	al.,	2015).	Despite	the	extreme	
environmental	 conditions,	 a	 diverse	macrofaunal	 assemblage	 devel-
oped	within	basins	of	the	Yangtze	Block.	Repetitive	flooding	by	reduc-
ing	waters	may	have	been	accompanied	by	repeated	local	community	
die-	off,	 this	may	also	have	 irrigated	shallower	depths	 through	nutri-




such as Eoandromeda	may	 have	 suffered	 considerably	 under	 anoxic	
conditions	 with	 elevated	 H2S.	 Interestingly,	 iron	 speciation	 data	 of	
lower	 fossiliferous	 units	 of	 the	Doushantuo	member	 IV	 at	 the	 type	
locality	of	Miaohe	 (Hubei)	 show	a	dominance	of	 ferruginous	anoxia,	
with	elevated	proportions	of	pyrite	indicative	of	euxinia	restricted	to	
overlying	shales	devoid	of	 fossils	 (Li,	Planavsky,	et	al.,	2015).	Similar	
high-	resolution	 geochemical	 sampling	 may	 benefit	 physiological	
discussions	 of	 the	 fossiliferous	 Lantian	 Formation.	Whilst	 the	 early	








global	 and	 local	 redox	 heterogeneity	which	 accompanied	 the	 evo-
lution	 of	 ecosystems	 containing	 potential	 candidates	 for	 the	 earli-
est	animals.	Although	earlier	studies	suggested	 that	oxygen	stabili-
sation	may	have	characterised	the	global	ocean	as	early	as	the	 late	
Ediacaran	 (Canfield	 et	al.,	 2007;	 Johnston	 et	al.,	 2012),	 continued	
local	 redox	heterogeneity	 is	evident	 from	multiple	shallow	to	deep	
marine	environments	well	into	the	Cambrian.	Whilst	increase	beyond	
a low pO2	concentration	threshold	within	the	shallow	marine	envi-










extent	 of	 accompanying	 local	 water	 column	 oxygenation	 through	
the	Ediacaran	 (Liu	et	al.,	2015;	Sperling,	Carbone,	et	al.,	2015).	The	
importance	 of	 placing	 such	 studies	 in	 relative	 sea-	level	 and	 palae-
ogeographic	 framework	will	 enable	 appreciation	of	 the	nuances	of	
marine	 redox	 heterogeneity	 which	 characterised	 environments	 on	
the	 kilometre	 scale,	 similar	 to	 those	 that	 exist	 in	modern	 shelf-	to-	
basin	environments.
Whilst	 a	decrease	 in	 the	volumetric	 proportion	of	 euxinic	mid-	
depths	 during	 the	 Cryogenian	 is	 suggested	 to	 have	 removed	 a	










ers	 to	biomineralisation	were	 surpassed,	 local	 ecosystem	 feedback	
associated	with	biological	ventilation	of	the	water	column	may	have	
initiated	towards	the	end	of	the	Ediacaran	and	incorporated	efficient	
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global	 ocean,	 alongside	 their	 relative	 palaeodepth,	 likely	 influenced	
mechanisms	 for	 changing	 redox	 in	 open	 shelf	 environments.	When	
viewed	together,	Ediacaran	geochemical,	palaeogeographic	and	palae-
oenvironmental	 data	 suggest	 local	 ecosystem	dynamics	 constrained	
by	parameters	including	dissolved	oxygen	availability,	nutrient	provi-
sion,	stable	substrate	for	colonisation	and	the	evolution	of	predation.
Continued	 environmental	 proxy	 development	 and	 utilisation	 in	
high-	resolution	 biostratigraphic	 and	 palaeoecological	 studies	 across	
shelf-	to-	basin	 transects	may	aid	 in	 clarification	of	 compelling	 issues	
associated	with	 Ediacaran	 ecosystem	 development.	 Particularly,	 the	
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